INTRODUCTION
Radiation therapy in combination with surgery is a powerful weapon against cancer. Unfortunately, some side effects following radiation therapy have been documented. Radiation therapy treatment has been linked closely to cardiovascular diseases, including pericarditis (1), cardiomyopathy (2) , valvular disease (3), as well as thrombosis and atherosclerosis (4, 5) . Research has demonstrated that chest irradiation is a major risk factor for cardiovascular disease: typical examples include radiation effects on Hodgkin lymphoma (6, 7) and breast cancer (8) . Additionally, leftsided radiation therapy in breast cancer leads to a higher cardiovascular risk (9) . Despite conflicting data, the comparison of older and newer radiation techniques demonstrate the benefits of reducing radiation dose to the chest (10) .
Atherosclerosis has been shown to be as an inflammatory disease involving monocytes and macrophages (11) . Lowdensity lipoprotein accumulates on the endothelium and acts as the initiator of atherosclerosis after being oxidized. Oxidized low-density lipoprotein (OxLDL) induces the expression of vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1) on different endothelial cells (12) . Integrins, the heterodimeric receptors composed of different a and b subunits (13) play major roles in the development of atherosclerosis (14) . Inflammatory monocytes' adhesion involves very late antigen-4 (VLA-4, a4b1 integrins) and b2 integrins, although there are conflicting reports as to which molecule plays a more significant role during inflammation (15) (16) (17) (18) . After infiltration, monocytes can differentiate into macrophages and appear to be involved in development of atherogenesis. Macrophage homing to the plaque is also responsible for degradation and rupture (19) . E-selectin, ICAM-1 and a4b1 integrins, as well as a4 integrin and ICAM-1, also play important roles in macrophage homing (20) . It has been shown that in IL-4 induced leukocytes recruitment, a4 integrins dominate the adhesion when endothelial selectins are blocked (21) . Furthermore, blocking of VLA-4 effectively reduced the cell adhesion and therefore reduced plaque formation (22, 23) .
Over the last two decades, extensive studies have confirmed that the endothelium is damaged by ionizing radiation (IR) and that it facilitates leukocytes, lymphocytes and platelet adhesion by up-regulation of ICAM-1, E-selectin, von Willebrand factor (vWF) and platelet endothelial cell adhesion molecule-1 (PECAM-1) (24-27). However, not enough attention has been given to how IR affects integrins in monocytes/macrophages, since during radiotherapy, not only the vessels, but also the blood cells are irradiated. In light of the importance of VLA-4 in the monocytes/macrophages adhesion, we investigated the role of VLA-4 mediated adhesion under flow conditions, our studies complement the current investigations that focus on the role of endothelial cells in radiation-associated atherosclerosis.
MATERIALS AND METHODS

Cell Culture
RAW264.7 mouse monocytes/macrophages obtained from the American Type Culture Collection (Manassas, VA) were cultured in Dulbecco's modified Eagle's medium (DMEM, Corning, Manassas, VA), containing 10% fetal bovine serum (Denville, Metuchen, NJ) and 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA) at 378C with 5% CO 2 .
Flow Cytometry
Surface expression of integrins on RAW264.7 cells was evaluated by flow cytometry. The cells were pelleted by centrifugation, resuspended in phosphate-buffered saline (PBS) and fixed in 4% formaldehyde for 10 min. From each sample, 1 3 10 6 cells were rinsed, blocked with 5% bovine serum albumin (BSA) and incubated with FITC-conjugated anti-a4 integrin (CD49d, 56084, BD Biosciences, Franklin Lakes, NJ) or FITC-conjugated anti-b1 integrin (CD29, sc-9970 FITC, Santa Cruz Biotechnology, Santa Cruz, CA) for 30 min in the dark. After washing with 5% BSA twice, cells were suspended in 0.5 ml PBS and analyzed on FACSort flow cytometer (BD Biosciences).
Western Blotting
RAW264.7 cells were lysed in 2% NP-40 buffer (2% NP-40, 80 mM NaCl, 0.1% SDS) containing protease inhibitor cocktail set III (Millipore, Darmstadt, Germany). After 15 min incubation on ice, the lysates were centrifuged and the supernatants were collected. The proteins (100 lg) were electrophoresed on an 8% SDS-PAGE, transferred to a nitrocellulose membrane and were blocked with 5% nonfat milk in tris-buffered saline with Tween (TBS-T) (USB, Cleveland, OH) for 1 h. Blots were incubated with anti-human a4 integrin (sc-14008, Santa Cruz Biotechnology) or anti-human b1 integrin (sc-9970, Santa Cruz Biotechnology) at 48C overnight. Membranes were washed with TBS-T three times and were probed with corresponding secondary antibodies for 0.5 h at room temperature. Blots were then washed with TBS-T three times and with tris-buffered saline (TBS) twice. The signals were detected using West Pico Supersignal chemiluminescent substrate (Pierce, Rockford, IL).
Parallel Plate Flow Chamber Adhesion Assays
Dynamic flow adhesion assays were performed as previously described (28) . Briefly, cell culture dishes were coated with 25 lg/mL VCAM-1 (R&D Systems, Minneapolis, MN) at 48C overnight. Coated dishes were blocked with 0.1% BSA in Dulbecco's phosphatebuffered saline (DPBS) (Invitrogen) for 2 h at room temperature and were then washed with DPBS. RAW264.7 cells (1 3 10 6 /mL) in DPBS were perfused through the chamber for 5 min at a shear stress of 1.2 dynes/cm 2 . Cell motility was observed and recorded at a 43 magnification using a Qimaging retiga 1300 videomicroscopy (Qimaging, BC, Canada). The numbers of adherent cells were quantified from the recorded video.
Statistical Analysis
Student's t test was performed to compare data in the different treatment groups. Data was considered statistically significant when P , 0.05.
RESULTS
IR Increases Surface Expression of a4 and b1 Integrins in RAW264.7 Cells
Since VLA-4 (a4b1 integrins) plays a major role in adhesion between monocytes/macrophages and endothelial cells (20, 22) , we first determined the extent of the effect of 
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IR on the cell surface expression of a4 and b1 integrins. Flow cytometry analysis revealed that both a4 and b1 integrins were increased on the cell surface after irradiation (5 Gy) (Fig. 1A and B) . Despite the fact that there was only a slight difference at 8 h, both a4 and b1 integrin peaked by 24 h after irradiation. Prolonged incubation time did not further increase the surface expression level of the proteins (Fig. 1A and B) . Western blot analysis indicated that, while the expression of total a4 integrin was significantly increased, total b1 integrin was not changed at 24 h postirradiation (Fig. 1C) . These results suggest that the increased surface expression of an integrin is not always dependent on an induced expression of that specific integrin after irradiation.
IR-Altered Avidity of RAW264.7 Cells to VCAM-1 is Not Correlated to the Surface Expression of VLA-4 Integrins
The extent of the effect of IR-induced surface expression of VLA-4 on macrophage adhesion to VCAM-1, the receptor of VLA-4, was assessed using a parallel plate flow chamber assay. Physiological shear stress from 1 to 2 dynes/ cm 2 was examined (29) , and a shear stress of 1.2 dynes/cm 2 was adopted, under these condition there was a stable and countable amount of adhesion cells in each field of view.
Our data indicated that the number of adherent cells to VCAM-1 was reduced by 19.7 6 2.7% and 28.4 6 4.0% at 8 and 24 h, respectively, after 5 Gy of ionizing radiation ( Fig. 2A) , and is not correlated to the increased VLA-4 expression after the same dose of ionizing radiation ( Fig. 1A and B). Our data also revealed that while the affinity between RAW264.7 cells and VCAM-1 was decreased in a dose-dependent manner from 1-5 Gy at 24 h postirradiation, the affinity between the cells and VCAM-1 was increased by 17.3 6 4.5% after being treated with 0.5 Gy at 24 h postirradiation (Fig. 2B) .
To determine whether the reduced avidity of the macrophage after higher doses of IR treatment was due to the loss of viability of the cells, we analyzed the percentage of cell death after irradiation. Our data showed that the percentage of dead cells was only increased 11% 24 h after 5 Gy of IR and had no statistically significant change after lower doses (0.5 and 1 Gy) of IR (Fig. 2C) . These results indicated that clinical doses of radiation do not result in remarkable cell death at 24 h postirradiation (Fig. 2C) , which agreed with a previous report indicating that macrophages are very resistant to IR (30) . These results also suggest that the altered avidity of a macrophage to VCAM-1 is not correlated to the IR-induced surface expression of VLA-4 and cell death.
The IR-Altered Avidity of RAW264.7 Cells to VCAM-1 is ROS-Dependent
Since IR has been shown to generates free radicals, which play a significant role in regulating cells signaling after irradiation (31), we examined the extent of the effect of L- NAC, a free radical scavenger, on the adhesion of RAW264.7 cells perfused over a VCAM-1-coated chamber under the flow condition as described above. Our data showed that the avidities of L-NAC-treated RAW264.7 cells to VCAM-1 were reduced approximately 46% with no statistical differences among sham, 0.5 or 5.0 Gy of IR (Fig.  3A) . Analysis of the surface expression of VLA-4 integrin indicated that a4 and b1 integrin on the surface of RAW264.7 cells were not affected by the L-NAC treatment ( Fig. 3B and C) . These results suggested that the IR-altered avidity of RAW264.7 cells involves free radicals, but does not involve the cell surface expression of VLA-4 integrin.
To determine whether reactive oxygen species (ROS) exert a direct effect on VLA-4 mediated adhesion, we determined the extent of the effect of exogenous H 2 O 2 on the avidity of RAW264.7 cells to VCAM-1. Our data showed that after exogenous H 2 O 2 treatment, the avidity of RAW264.7 cells to VCAM-1 was increased by 15.3 6 6.0% after treatment with 5 lM H 2 O 2 and was then reduced by 20.3 6 7.6% or 46.0 6 11.4% after treating with 50 or 100 lM H 2 O 2 , respectively, at 0.5 h post-treatment (Fig. 4) . These data further indicates that adhesion of RAW264.7 cells to VCAM-1 is ROS-dependent and follows a bellshaped dose response.
DISCUSSION
While the biological effect of IR on the adhesion molecules of endothelial cells has been studied (32) (33) (34) (35) , little is known regarding the contributions of irradiated monocytes/macrophages to radiotherapy-associated side effects. Macrophages are known as radioresistant leukocytes that can tolerate high doses of IR (36) . Previous work has shown that ICAM-1 and LFA-1 on alveolar macrophages increased one week after IR (37) . However, the early response (within 24 h) of monocytes/macrophages to IR in contributing to their avidity to endothelial cells has not been well characterized. Therefore, in this study, we first determined the extent of the effects of IR on the expression and surface localization of VLA-4 (a4b1) integrin, the major integrin that mediates the adhesion between monocytes/macrophages and endothelial cells (20, 22) . Our data indicated that the surface levels of both a4 and b1 integrins were increased. However, while the ROS MEDIATES IR-ALTERED ADHESION OF RAW264.7 CELLS total expression of a4 integrin was increased, b1 integrin was not changed at 24 h postirradiation (5 Gy) (Fig. 1) . The results suggested that IR induces translocation of b1 integrin to the surface of macrophages. However, while further investigation indicated that the increased surface VLA-4 was not correlated to an increased avidity of RAW264.7 cells to VCAM-1, the ligand of VLA-4 ( Fig. 1  compared to Fig. 2) . The results suggested that a conformation change of integrin, which has been shown to play an important role in cell adhesion (38) (39) (40) (41) (42) , might be a major contributor for IR-induced alternation of cell adhesion. A dose-dependent analysis of the response of RAW264.7 cells to IR revealed that the avidity between RAW264.7 cells and VCAM-1 was increased with a relatively lower dose (0.5 Gy) and reduced with a relatively higher dose (1-5 Gy) of IR (Fig. 2B) . The reduction of the avidity was not likely due to cell death after irradiation because the percentage of reduced avidity was much higher than the percentage of reduced viability of the cells (Fig. 2B compared to 2C ). These results suggested that factor(s) other than VLA-4 were involved in the regulation of the avidity of RAW264.7 cells. While our data indicated that the avidity between RAW264.7 cells and VCAM-1 was increased after 0.5 Gy IR and was decreased after 5 Gy IR, it does not suggest that a lower dose of radiation is worse than a higher dose for IRinduced atherosclerosis, since a high dose of IR has been shown to induce the expression of various adhesion molecules on endothelial cells (43) .
It has been previously reported that sulfhydryl groups involved in VLA-4 mediated adhesion can be regulated by ROS (44) . The VLA-4 mediated avidity of human leukocytes to VCAM-1 was increased and then decreased in response to a treatment of 5-100 lM exogenous H 2 O 2 (44) . Considering that IR generates ROS in a dose dependent manner (45), we determined the effect of L-NAC (a free radical scavenger) on the IR-induced and VLA-4 mediated avidity of RAW264.7 cells. Our data demonstrated that, while the treatment of L-NAC did not alter the surface expression of VLA-4 in the presence or absence of IR (Fig. 3B and C) , it reduced the avidity of RAW264.7 cells to VCAM-1 to a similar level, regardless of whether the cells were treated or not treated with IR (Fig. 3A) . The L-NAC decreased avidity of the cells was likely due to the reduction of ROS, but not to reactive nitrogen species (RNS), since IR did not induce the expression of any one of the three nitric oxide synthases in RAW264.7 cells (data not shown). To further investigate the role of ROS in regulation of VLA-4 mediated adhesion, the avidity of RAW264.7 cells, which were treated with 1-100 lM exogenous H 2 O 2 , were determined by a parallel flow chamber assay. Consistent with our expectation, the avidity of RAW264.7 cells to VCAM-1 in responding to exogenous H 2 O 2 was increased at lower (5 lM) [H 2 O 2 ] irradiation and then decreased at higher (50-100 lM) [H 2 O 2 ] irradiation (Fig. 4) , which is similar to what has been documented in human leukocytes (44) . In conclusion, we have demonstrated that VLA-4 mediated adhesion of RAW264.7 cells to VCAM-1 is altered by IR under flow conditions and ROS plays a key role in this process. Additionally, basal level of ROS appears to be required for maintaining normal affinity between VLA-4 and VCAM-1. . Cells that adhered to the chamber were counted after 5 min perfusion. Data shown are the means 6 SD from three independent experiments. *P , 0.05.
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